We investigate the relationship between collusive behavior in Bertrand oligopoly and subject heterogeneity in risk preferences. We find that risk aversion is positively associated with tacit collusion when the goods are complements, but find no evidence of collusive behavior when the goods are substitutes. Furthermore, risk aversion is associated with lower prices with complement goods, but does not impact pricing behavior with substitute goods. In both treatments, we find that subjects tend to follow the price change of the other seller. In the complements treatment, however, this tendency varies with the degree of risk aversion.
Introduction
While early experimental research focused on identifying overall patterns of behavior, recent work has turned to studying the importance of subject pool heterogeneity on outcomes. In this paper, we study how a specific individual characteristic affects the degree of tacit collusion in Bertrand duopoly markets. Specifically we focus on heterogeneous risk preferences, since they are straightforward to measure with an experiment and have been shown to influence behavior in other experimental settings related to cooperative behavior.
We use the Holt and Laury (2002) lottery choice instrument to construct a measure of risk preference. Several other studies have used lottery choice games as an experimental pre-test to identify subjects' risk preferences. One of the earliest studies to control for risk preferences is Millner and Pratt (1991) , which reports that more risk averse subjects spend less in rent seeking contests than their less risk averse counterparts. Closely related to our study of collusion, Sabater-Grande and Georgantzis (2002) find that more risk averse subjects cooperate less in a repeated prisoner's dilemma experiment, and Levati, Morone and Fiore (2009) report that more risk averse subjects contribute less to a public good than less risk averse subjects. SabaterGrande and Georgantzis (2002) and Levati, Morone and Fiore (2009) include risk in the design of the experiment by either introducing a probability of (no) continuation of the experiment or implementing uncertainty in the payoffs. Sabater-Grande and Georgantzis (2002) note, however, that "risk aversion may be relevant simply because a player's opponent is a source of uncertainty" (p. 37). It is natural to extend this line of research to market experiments since there is still not a clear consensus regarding what factors may facilitate tacit collusion.
1 To our knowledge, risk preferences have not been explored as a contributing factor to collusion in a market setting.
We study Bertrand markets for both substitute and complement goods, allowing us to study the relationship between risk aversion and behavior with both upward and downward sloping reaction functions. 2 One of the recently debated issues in the tacit collusion literature is the relationship between the nature of the interaction of strategic variables and the tendency to collude. The resolution of this debate has important implications regarding the relative efficiency of various market institutions, specifically that of Bertrand versus Cournot markets.
One argument is that collusion is more likely in Bertrand markets since prices are strategic complements (i.e., reaction functions are upward sloping); in this case, a purely self-interested player should respond to a move towards the collusive outcome by their opponent with a move in the same direction. Conversely, quantities are strategic substitutes (i.e., reaction functions are downward sloping) in Cournot markets, so a move in the direction of collusion by one player results in a move in the opposite direction by a self-interested player.
Two recent papers present conflicting evidence on the effect of the nature of strategic interaction on collusion. Potters and Suetens (2007) review results from five separate papers and concludes that "Bertrand colludes more than Cournot." In contrast, Davis (2008) finds no more collusive behavior in Bertrand markets than in Cournot markets. Subject pool heterogeneity might contribute to this disparity in results. Indeed, Potters and Suetens (2008) discuss the importance of cooperative individuals in determining aggregate results.
2 Note that for the remainder of the paper we refer to goods from a consumption perspective rather than a production perspective. We use the term substitutes to refer to goods with a positive cross-price elasticity of demand that have upward sloping reactions functions in price. The term complements refers to goods with negative cross-price elasticity and downward sloping reaction functions.
Given prior evidence that risk aversion is related to cooperative behavior, our objective is to determine if risk aversion can help identify cooperative players in a market experiment. We focus on Bertrand markets with complement and substitute goods to control for any possible effect of market context (quantity choice versus price choice) on decisions. We find that risk aversion is related to collusion in our Bertrand complements markets. However, unlike SabaterGrande and Georgantzis (2002) and Levati, Morone and Fiore (2009), we find evidence that risk aversion is positively associated with cooperative behavior in the complements treatment.
Section 2 below describes our experimental design, section 3 discusses results and section 4 concludes.
Experimental Design
We recruited 128 subjects from undergraduate classes at the College of William and
Mary. Subjects first participated in a lottery choice experiment designed to elicit a measure of risk aversion (Holt and Laury, 2002) . The lottery choice experiment contains ten pairs of choices between a relatively safe lottery (with a payoff of $4.80 or $6.00) and a relatively risky lottery (with a payoff of $0.30 or $11.55) with different probabilities associated with the high and low payoffs for each of the choices. 3 The probabilities are structured such that the expected payoff of the safe lottery exceeds that of the risky lottery for the first four decisions while the risky lottery has a higher expected payoff for the last six choices. Hence, a risk neutral subject will choose the safe lottery in the first four decisions and the risky lottery in the last six. Holt and Laury (2002) provide additional details about how decisions in the lottery experiment are used to calculate a range of relative risk aversion for each subject. In the analysis that follows, we use the midpoint of the range of the coefficient of relative risk aversion (hereafter, mid-CRRA) for each subject to capture risk tolerance, where higher midpoints represent higher levels of risk aversion. Table 1 shows a summary of results from the lottery choice experiment.
Consistent with previous research, the majority of subjects fall into the risk averse range. The overall distribution of subjects across risk categories is similar to that reported by Holt and Laury (2002) in their low real payoff treatment. Subjects were then randomly assigned to a partner and participated in a repeated duopoly price-setting game in either a complements treatment or a substitutes treatment. 4 In both designs there is no marginal cost of production and a fixed cost of $2.18 per round. The complements design is based on the following demand curve: Q i = 3.60 -0.5P i -0.5P j , where Q i represents the quantity sold by firm i, P i represents the price set by firm i, and P j represents the price set by firm j. The symmetric Nash equilibrium price is $2.40 in this treatment. The substitutes design is based on the demand curve Q i = 3.60 -2P i + P j resulting in a symmetric Nash equilibrium price of $1.20. The collusive price is the same for both designs and is $1.80. An important feature of this set of parameters is that the difference between the collusive price and Nash price 4 Experiments were conducted using the Veconlab website developed by Charles Holt at the University of Virginia.
is the same (60 cents) in both designs. In both treatments, subjects earn $0.70 per person at the Nash equilibrium and earn $1.06 per person at the collusive outcome, which represents a fifty percent earnings premium for colluding. Figure 1 presents the best-response functions for the two treatments. Notice that the collusive (joint profit maximizing) price is below the Nash price in the complements case on the left side, and above the Nash price in the substitutes case, shown on the right. 
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The Appendix contains the detailed instructions for the Bertrand experiment. Half of the pairs in each treatment interacted for 10 rounds, and half interacted for 20 rounds. To avoid end game effects, subjects were not told the number of rounds in advance. Subjects were told that they would be matched with the same person for each round. In addition, subjects were told the equation for demand and it was common knowledge that all subjects within a session faced the same demand curve and costs. Finally, at the end of each round subjects were told the price charged by the other seller. Average earnings were $6.42 in the sessions with 10 rounds and $10.74 in the sessions with 20 rounds.
Results
We first describe the distribution of risk preferences amongst the subjects that played the two treatments. Subjects were randomly assigned to a treatment (substitutes or complements) and the mid-CRRA for each subject was determined prior to the Bertrand experiment. The average mid-CRRA is equal to 0.4755 for the 63 subjects in the substitutes treatment and 0.4190 for the 61 subjects in the complements treatment.
5 A Wilcoxon rank-sum test fails to reject the null hypothesis that the distribution of mid-CRRA is the same across the two treatments (z-stat - Given this evidence of collusive pricing in the complements game (ρ > 0) and supracompetitive pricing in the substitutes game (ρ < 0) 8 , our objective is to investigate the relationship between risk aversion and collusive behavior, or lack thereof, in the two treatments.
We begin by examining differences in behavior across the two subject groups, risk averse and non-risk averse. In the substitutes treatment, the average degree of collusiveness amongst risk averse players is -0.1395, which is significantly different than zero. For non-risk averse players the average degree of collusiveness is -0.1112, which is not significantly different from zero, likely due to the small sample size. 9 Furthermore, the values of ρ for risk averse and non-risk averse subjects are not significantly different from one another. For the complements treatment, the average degree of collusiveness amongst risk averse players is 0.2917; for non-risk averse players the average degree of collusiveness is 0.0905. As was the case in the substitutes treatment, the average values of ρ for the complements treatment are significantly different from zero for risk averse subjects, not significantly different from zero for non-risk averse subjects, and not significantly different from each other. 10 The small sample size of non-risk averse subjects in both treatments (17 or 16 observations) may contribute to a lack of significance in player-level comparisons of collusive behavior across risk types. However, the t-test results for risk-averse players are significant and imply that risk averse players price supra-competitively in the substitutes treatment and are moderately collusive in the complements treatment.
We next regress our collusiveness measure ρ on the subject's mid-CRRA. This approach allows for the use of a more precise measure of a subject's attitude towards risk than the dichotomous distinction between risk averse/non-risk averse subjects employed above. We run separate regressions for each treatment, controlling for unobserved subject heterogeneity using random effects and clustering standard errors at the pair level. In the substitutes treatment, the estimated coefficient on mid-CRRA is not significant. In the complements treatment, however, the estimated coefficient on mid-CRRA is 0.2999 and is significant at the 5% significance level (p-value 0.017); higher levels of risk aversion are associated with more collusive behavior. These results suggest that the effect of a subject's risk aversion on their tendency to collude varies by complements or substitutes. However, an alternative explanation consistent with these results is that more risk averse subjects are more likely to price below the Nash price.
Recall from the relative positions of the collusive and Nash outcomes in Figure 1 that a tendency for risk averse players to price below the Nash would be consistent with both the negative relationship between a player's risk aversion and collusive behavior in the substitutes treatment and the positive relationship between the two in the complements treatment. To address this possibility, we next focus on the relationship between risk aversion and prices.
The average price in the substitutes game was $1.11 amongst risk averse subjects and $1.14 amongst non-risk averse subjects. Both of these averages are significantly different from the Nash price of $1.20. 11 However, these average prices were not significantly different between the two risk categories (t-stat = -1.3422). In the complements treatment, average prices were $2.25 and $2.37 amongst risk averse and non-risk averse subjects, respectively. The average price was significantly different from the Nash price of $2.40 amongst the risk-averse subjects but not the non-risk averse subjects; they were, however, significantly different from each other (t-stat = -3.3219).
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We also use a subject's price relative to their Nash best response to identify collusive behavior. Although a subject does not know the price of the other seller when choosing their price, they do know the price their opponent selected in the previous period. For each subject we calculate the Nash best response to the partner's price in the previous round and compare it to the price actually chosen. We define this measure as the "deviation from best response." In the substitutes treatment, if a subject prices higher than the best response price in any given round, resulting in a positive deviation, that price choice can be classified as "cooperation-inducing."
11 For risk averse players, n = 46, t-stat = -8.4643, p-value =0.0000 and for non-risk averse players n =17, t-stat = -2.8449, p-value = 0.0048. 12 For risk averse players, n = 45, t-stat = -8.4360, p-value =0.0000 and for non-risk averse players n =16, t-stat = -1.0592, p-value = 0.2906.
Alternatively, if a subject prices lower than the best response price in the complements treatment, the deviation is negative and can be classified as cooperation-inducing.
The average deviations from best response price are -0.0604 and -0.1642 in the substitutes and complements treatments, respectively. 13 Within the substitutes treatment, the average price deviation amongst risk averse players was -0.0640 (t-stat = -5.9919); amongst nonrisk averse players the average price deviation was -0.0504 (t-stat = -2.5371). The average deviation from best response price is not significantly different across risk averse and non-risk averse subjects in the substitutes treatment (t-stat = -0.6040). In the complements treatment, the average price deviation amongst risk averse and non-risk averse subjects was -0.1944 (t-stat = -8.8745) and -0.0772 (t-stat = -2.0495), respectively. Unlike the substitutes treatment, the average deviation from best response price is significantly different across risk categories for the complements treatment (t stat = -2.6897). Compared to non-risk averse subjects, risk averse subjects in the complements treatment choose prices significantly lower than the optimal price given their opponents' decisions in the previous round.
To further investigate the relationship between risk aversion and pricing, we report two specifications of price regressions for each of the treatments in Table 3 . Both specifications control for unobserved individual heterogeneity using random effects and cluster standard errors at the pair level. 14 The independent variable is mid-CRRA, which provides a finer measure of risk aversion than the previous analysis comparing risk averse subjects to non-risk averse subjects. Within each treatment, the first column reports the results from a regression of price on 13 For both treatments, the average deviation from best response price is significantly negative; for substitutes the tstat is -6.3990 and for complements the t-stat is -8.6387. Consistent with the result above, this is evidence of collusive pricing in the complements game and of supra-competitive pricing in the substitutes game. 14 In all specifications, we also include round as a control variable.
mid-CRRA. The second column reports results from a regression of the deviation from best response price on mid-CRRA. In the substitutes treatment, the estimated coefficient on mid-CRRA is not significant in either the price regression or the deviation from best response regression, implying that risk preference does not impact price choice for substitutes goods. In the complements treatment, the estimated coefficient in the price regression on mid-CRRA is negative and statistically significant, suggesting that risk averse players generally choose lower prices. In the deviation from best response regression, the estimated coefficient on mid-CRRA is also negative and significant. Subjects who are more risk averse tend to choose prices lower than the best response price given the previous choice of their opponent. Recall that a negative deviation from best response in the complements game is consistent with cooperation-inducing behavior.
Finally, we look at the dynamics of the subjects' actions; specifically, we examine how a subject's response to a price change made by their opponent is affected by the subject's risk aversion. The dependent variable is the change in the subject's price in round t from round t-1.
The independent variables include the other seller's change in price between rounds t-1 and t-2 and the subject's mid-CRRA. Table 4 presents the results. All models cluster standard errors at the pair level. The second column of each treatment includes an interaction term of the mid-CRRA and the change in other seller's price.
In the models excluding the interaction term, the estimated coefficient on competitor's lagged price change is positive and significant in both the substitutes and complements treatments, which is consistent with the results of Potters and Suetens (2008) . Subjects tend to respond to a change in the other players price with a change in the same direction, regardless of whether reaction functions are upward or downward sloping. Potters and Suetens (2008) describe this result as endogenous strategic complementarity explained by the presence of reciprocal players. In the models where the interaction term is included, the estimated coefficient is not significant in the substitutes treatment, implying that risk aversion does not affect how a player responds to their partner's price change in the previous round. In the complements treatment, the coefficient on the interaction term is positive and significantly different from zero. Risk averse players in the complements treatment tend to respond more to the change in the other seller's price than less risk averse subjects. Thus, if one player makes a cooperative-inducing move, a more risk averse partner follows that move to a greater extent, bringing the market closer to a collusive outcome.
Conclusion
We investigate the relationship between a subjects' risk aversion and the tendency towards tacit collusion in Bertrand duopoly markets. In light of the results of Potters and Suetens (2008) , Anderson, Freeborn and Holt (2009) and Davis (2009) , we are careful to address how this relationship may depend on the nature of the interaction of the strategic variables (i.e., the sign of the slope of the reaction function). We find that risk aversion does not impact collusive behavior in the substitutes treatment; though there is very little evidence overall of collusive behavior in the substitutes treatment. Within the complements treatment, however, we find evidence that risk aversion is positively correlated with more collusive pricing.
Our result that more risk aversion leads to more cooperative behavior in the complements treatment is in contrast to the findings of Sabater-Grande and Georgantzis (2002) and Levati, Morone and Fiore (2009) . These papers generally find less cooperative behavior with risk averse subjects; however, these experiments incorporate uncertainty in the design structure. In our experimental design, uncertainty is limited to the behavior of the other player. Given the differences in the source of uncertainty and that we study Bertrand duopoly, it is not unexpected that we find a different relationship between risk aversion and cooperative behavior. For example, Asplund (2002) analyzes the strategies of risk averse firms in a theoretical market model with demand or cost uncertainty and finds that the relationship between risk aversion and market outcomes depends on both the nature of competition and the source of the uncertainty.
We also address the possibility that risk aversion is associated with price; we find that subjects in both treatments appear to be pricing below the Nash price. Our measure of risk aversion, however, has a significantly negative effect on price only in the complements treatment. Sellers of complementary goods may view the other seller as more of a partner than a rival, fostering a cooperative environment. When we analyze the response of one player to the other seller's change in price, we find that the price changes of more risk averse subjects have a larger positive relationship with the change in price of the other seller in the complements treatment. However, a subject's risk aversion does not affect their response to a competitor's change in price in the substitutes treatment. Overall, our results suggest that the effect of risk aversion on the degree of tacit collusion is dependent on the nature of the strategic variables, and that risk aversion is positively associated with collusive behavior when the goods are complements. Given that risk aversion is negatively associated with price in the case of downward sloping reaction functions (complement goods), one potential direction for future research is to investigate the relationship between risk aversion and collusive behavior in a quantity choice model with both downward and upward sloping reaction functions. 
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Matchings: Please remember that you will be matched with the same person in all rounds.
Earnings: All people will begin a round by choosing a number or "price" between and including $1.50 and $3.00. Remember, your sales quantity = 3.60 -0.50*Price + -0.50*(Other Price) Your total cost is $0.00 times your sales quantity, plus your fixed cost $2.18, and your total sales revenue is the price times your sales quantity. Your earnings are your total revenue minus your total cost. Positive earnings are added to your cumulative earnings, and losses are subtracted.
Rounds: There will be a number of rounds, and you are matched with the same person in all rounds.
your cumulative earnings at the start of round 1, and it will be the same for everyone. There will be no subsequent augmentation of this amount.
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In the following examples, please use the mouse button to select the best answer. Remember, your sales quantity = 3.60 -2.00*Price + 1.00*(Other Price) Question 1: Suppose that both sellers choose equal prices and that the total sales for both sellers combined is Q units, then each seller has a sales quantity of: a) 2Q b) Q/2. 
